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Introduction
In order to improve circular economy of metals, it is critical also to consider materials with minor concentrations of valuable metals as secondary raw materials. As a result, the concept of potential raw materials for metal recovery can be expanded also to industrial solid and liquid wastes [1] [2] . Municipal solid waste incineration (MSWI) bottom ashes are an excellent example of such a secondary raw material of future from which minor valuable metals could be recovered more efficiently. The traditional treatment of bottom ashes includes separation processes based on crushing, sieving and magnetic methods to separate metal rich fractions. Solidification/stabilization and thermal methods can also be conducted to produce safely disposable or usable product fractions. Bottom ashes can be applied in loose construction aggregates, substitute materials in construction, raw-material in cement production and feedstock for ceramic material production [3] . Leaching of bottom ashes and their utilization in previously mentioned applications have earlier been investigated [3] [4] [5] [6] [7] . However, the produced liquid streams from bottom ash leaching may contain major amounts of impurities and only minor concentration of valuable metals, which causes challenges for feasible metal recovery of the valuable elements.
The principle of electrodeposition or electroplating of surfaces as well as metal recovery by electrowinning of metals from hydrometallurgical process solutions are theoretically very similarmetals present in the solution are electrically reduced on the selected surface material. The deposition can be done either by constant current (or potential) or providing short current (or potential) pulses. In hydrometallurgical terms, the first option results in electrowinning and it is applied in industrial scale e.g. for copper, nickel or zinc deposition on the permanent or seed plate cathode. Hydrometallurgical process streams differ typically from synthetic plating baths, as they contain a huge variety of base metal ions, impurities and also precious metal ions [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Typically, valuable metals such as Ag are present at ppb-ppm level, making their selective recovery challenging.
This study introduces a variation of pulse plating into hydrometallurgical solutions, more specifically electrodeposition followed by redox replacement (EDRR). In the presented method the redox replacement time is typically several minutes long period without applied current or potential. This differs from traditional pulse plating where toff time is typically short and intended for surface activation while the long redox replacement allows diffusion and enrichment of more noble metal on the cathode surface by oxidising the already deposited less noble metals, due to difference in reduction potentials of these metals. The results demonstrate the possibility of recovering Ag from pregnant leach solution (PLS) originating from bottom ash leaching by EDRR method. Our recent research shows that changing the potential between the pre-defined deposition potential and open circuit potential (i.e. EDRR) provides a promising route to effectively recover very low concentrations (even <1 ppm) of Ag from concentrated Zn solutions [22] . The EDRR method has been previously investigated also to deposit different metals such as, Au, Pt, Pb, and Cu on surfaces from pure synthetic solutions with optimised concentrations [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] and only very limited studies have been performed on industrially relevant solutions [2, 22, 35] -and actually, there are no reports demonstrating improved Ag recovery by the EDRR method from municipal bottom ash leaching solutions.
Materials and Methods

Material
The bottom ash from municipal solid waste incineration was provided by a Finnish incineration company. The material used in the leaching experiments was a non-ferrous concentrate of aged bottom ash, which had undergone mechanical treatments, producing a fraction with particle size <0.1 mm. This fraction had aluminum (51200 mg/kg), copper (21400 mg/kg), lead (2250 mg/kg) and zinc (10900 mg/kg) and in addition relatively high silver (39.8 mg/kg) concentration. Additionally, it contained lower amounts of iron (23000 mg/kg) compared to the other bottom ash fractions. The raw material analysis was conducted by inductively coupled plasma optical emission spectrometry, ICP-OES (Thermo Fisher Scientific iCAP 6500 duo) after total dissolution. Fire-assay analysis was used for noble metal analysis using atomic absorption spectroscopy, AAS (PerkinElmer). The results are presented in Table 1 . 
Leaching
The bottom ash fraction investigated was divided using a rotating sample divider (Microscal L/MSR) to produce homogenous samples for leaching experiments. The applied solid to liquid ratio was 1:10 in all leaching experiments. Experimental set-up included a multiple magnetic stirrers (IKA RT10). Temperature was kept constant at 30 °C in all experiments. 300 mL Erlenmeyer flasks were used as reactors with agitation of 300 RPM and air purging was supplied to the flasks. 
EDRR set-up
A three electrode cell was used for the EDRR measurements: 99.5% purity platinum (Kultakeskus Oy, Finland) was used as working electrode (WE) and counter electrode (CE) and saturated calomel (SCE, B521, SI Analytics) as reference electrode (RE). IviumStat.XRe 24-bit (NL) was employed for the electrochemical measurements and SEM-EDS (Scanning Electron Microscope, Leo 1450 VP, Zeiss, Germany -Energy Dispersion Spectroscopy, INCA-software, Oxford Instruments, UK) was used for chemical analysis of the electrodes after EDRR experiment. In prior to EDRR experiments, cyclic voltammetry (CV) measurements in the synthetic solution was conducted in order to determine the deposition and stripping peaks characteristics for the investigated solution, containing Cu and Ag (0.0 V → 0.45 V → -0.3 V → 0.0 V vs. SCE). The scan rate was 50 mV/s.
In the EDRR experiments, deposition potential (E1) investigated was -0.3 V vs. SCE and the deposition time t1 was 5, 10 or 15 s. Cut-off potential (E2) was 0.3 V vs. SCE, and cut-off time was t2 = 1000 s, i.e. the next ED step started when the cut-off potential E2 or cut-off time t2 was reached, whichever occurred first. The amount of EDRR cycles, n, was kept constant at 10.
Results
Leaching of bottom ash
The pH of the 2 M HCl solution was measured before leaching (pH = 0.5-0.6), after leaching (pH = 0.45-0.5) and after filtration (pH = 0.3-0.35). Similarly, the redox potential was measured at the same points, and it increased by 100 mV from 350 mV vs. Ag/AgCl (before leaching) to 450 mV (after leaching) while filtration did not affect the potential any further (450 mV after filtration). The achieved extractions of metals to 2 M HCl leaching are shown in Figure 2 . In the current study, the metals of interest were Ag, Al, Cu, Pb and Zn (Figure 2 A) . The corresponding amounts in PLS for these metals were Ag = 3.5 ppm, Pb = 0.2 g/L, Zn = 1.2 g/L, Cu = 2.5 g/L, and Al = 4.7 g/L. Figure 2B presents the extraction of other elements analysed in solution. A remarkable decrease in bottoms ash mass was observed during the leaching tests -20.34 g of bottom ash was exposed into leaching whereas the leach residue (solid) mass in the end was only 6.37 g, corresponding to 69% leaching. 
Recovery of Ag by Electrodeposition-redox replacement (EDRR)
Prior to applying the EDRR method for the real PLS solution for metal recovery, a synthetic solution was prepared having Ag, Zn and Cu in corresponding amounts (10 ppm, 1.2 g/L and 2.5 g/L, Table 2 ). The aim of EDRR is to enrich Ag on the electrode surface from PLS containing a high concentration of Cu 2+ ions and a low concentration of silver ions. In the electrodeposition (ED) step mainly Cu is deposited on the electrode surface at constant cathodic potential E1 for a defined time t1 thus the deposit potential is selected from the CV according to Cu deposition potential. In the redox replacement (RR) step, the Cu layer was spontaneously replaced with the more noble silver metal ions, and the cut-off potential was selected to be before Ag stripping, thus creating a silver rich layer on the electrode surface. The ED and RR steps were repeated for multiple cycles. [36] . The deposited Cu metal can be then replaced by Ag, due to its higher reduction potential. According to CVs, the parameters for EDRR experiments were determined. More information about the methodology for the optimization of the parameters for EDRR measurements is presented in the earlier publication [23] . The employed EDRR parameters to demonstrate Ag recovery were E1 = -0.3 V and E2 = +0.3 V vs. SCE, t1 = 10 s, t2 = 1000 s and n = 10. The effect of deposition time (5-15s) was investigated in the current study. Figure 4 presents an example of the EDRR data in 2 M HCl originating form bottom ash leaching. As it can be seen, the time to reach cut-off potential is increased with increasing number of cycles: this is due to the accumulation of Cu on the electrode surface, and hence a longer time to replace it with Ag is needed. 
Enrichment of Ag on surface
The SEM analysis was conducted as point and area analysis and presented as average of these in Table  3 . The composition of the deposit on the surface consisted mainly of Cl, Cu, Zn and Ag. In addition, the SEM-EDS showed also minor amounts of Al, Ca, O and Si. Traces of Cd and Mg were also observed mostly in area analysis. As can be seen, the increased deposition time (t1) also results in higher Ag wt-% on the surface. The enrichment factors were calculated based on the values in Table 3 in order to evaluate the silver enrichment on Pt surface. The observed Ag/(Cu+Zn) ratio (0.3) indicated remarkable enrichment of silver on the surface, when compared to the ratio of these elements (Ag/(Cu+Zn)) in the solution (6.8•10 -5 ). Ag vs. base metal (Cu+Zn) ratio can be increased to ca. 4500 fold on the cathode surface compared to the original leaching solution. The highest enrichment of silver compared to Cu and Zn was achieved with deposition time of 10 s ( Figure 5 ). The deposition time (10 s) was shown to provide the most favourable level for Cu deposition, replaced by Ag in the studied parameter range. Due to fact that the redox replacement reaction takes place only at the deposit/solution interface, it is favourable to create a thin layer of sacrificial metal with a certain level of defects to gain a higher Ag enrichment. The thickness of the deposited Cu layer increases with a higher deposition time (15 s), affecting the purity of deposited surface. [22] Kowalska et al. (2015) [37] present the results of silver recovery from complex matrix electrolyte after chloride leaching of copper flotation concentrate using potential-controlled electrolysis. Their solution included 50.7 mg/L Ag and 3650 mg/L Cu. Kowalska et al. [37] suggest pulse potential-controlled electrolysis for recovery of silver from complex matrix rather than continuous electrolysis. This in order to avoid co-deposition of Cu as with shorter deposit times pure Ag surfaces can be formed. They reported that the best results of pure silver recovery were obtained at E = -0.15 V vs. Ag/AgCl for deposition time of 1800s -7200s. Chatelut et al. [38] investigated the electrowinning of silver from photographic fixing solutions using zirconium cathode. They reported that silver could be recovered from the solution with an applied potential lower than 0.9 V between the cathode and a carbon graphite anode. 98% of total silver was recovered leaving the final Ag concentration in the bath to 20 mg/l. Sathaiyan et al. [39] investigated the recovery of silver from waste oxide button cells. The silver was separated from this material as silver chloride. Silver chloride was used to prepare silver thiosulfate solution for electrolysis, having 12.5 g/L of Ag. The purity of obtained product was 99.8% silver. Potential control between -0.4 and -0.6 V (SCE) is required for efficient electrodeposition.
As can be seen from these studies the used solutions for Ag electrowinning are from 4 to 14 times richer in silver compared to the PLS solution used in this study. For example, in the study of Chatelut et al. [38] the final concentration after electrowinning is higher than initial concentration used in this study. The study demonstrates that by the presented EDRR method it is possible to enrich even minor concentrations of silver, which are not recoverable by conventional methods, selectively from complex hydrometallurgical bottom ash leaching solution. Kowalska et al. [37] discussed the problems with co-deposition of Cu, thus creating impure product, which needs further treatment. The benefit of the presented EDRR method in this study is that with the optimized deposit time copper can be dominatly replaced by valuable silver, thus creating pure surfaces. In the study of Sathaiyan et al. [39] high cathodic potentials are needed for the deposition of silver. Advantage of EDRR method is that only short times of deposition are required and the replacement of silver occurs in open cell, based on the redox potential difference between metals.
Conclusions
In this study, the EDRR method was applied for silver recovery from hydrometallurgical solution originating from bottom ash leaching by hydrochloric acid. The deposits achieved on electrode surface were analysed with SEM-EDS. The highest enrichment ratio for silver was achieved with 10 s deposit time. Ag/(Cu+Zn) ratio (0.3) indicated remarkable enrichment of silver on the surface, when compared to the ratio of these elements (Ag/(Cu+Zn)) in the solution (6.8•10 -5 ). Thus, with EDRR method Ag vs. base metal (Cu+Zn) ratio could be increased to ca. 4500 fold on the cathode surface compared to the original leaching solution.
EDRR method provides a suitable route to recover selectively silver from hydrometallurgical bottom ash leaching solution. The methods allows minor metal concentrations found in secondary raw materials, such as bottom ashes, to be recovered directly from PLS improving the circular economy of metals.
